Abstract-Future challenges in teleoperation arise from a new complexity of tasks and from constraints in unstructured environments. In industrial applications as nuclear research facilities, the operator has to manipulate large objects whereas medical robotics requires extremely high precision. In the last decades, research optimized the transparency in teleoperation setups through accurate hardware, higher sampling rates, and improved sensor technologies. To further enhance the performance in telemanipulation, the idea of haptic augmentation has been briefly introduced in [Panzirsch et al., IEEE ICRA, 2015, pp. 312-317]. Haptic augmentation provides supportive haptic cues to the operator that promise to ease the task execution and increase the control accuracy. Therefore, an additional haptic interface can be added into the control loop. The present paper introduces the stability analysis of the resulting multilateral framework and equations for multi-DoF coupling and time delay control. Furthermore, a detailed analysis via experiments and a user study is presented. The control structure is designed in the network representation and based on passive modules. Through this passivity-based modular design, a high adaptability to new tasks and setups is achieved. The results of the user study indicate that the bimanual control brings large benefits especially in improving rotational precision.
INTRODUCTION
O NE of the most sophisticated technologies developed for telepresence is telemanipulation that allows separating individuals from the environment they manipulate, ideally without even noticing. Therefore, a robot with manipulation capabilities and a haptic interface are needed to allow a user to teleoperate the robot and reproduce the sense of touch to the user based on the physical interaction between the robot and the manipulated object. The bilateral controller is a central element of any telemanipulation system since it is responsible for conveying the commands of the human operator from the haptic interface to the robot and vice-versa. These commands describe current motions and forces of both, human and robot. Bilateral control has long attracted the attention of control engineers due to the special closed-loop characteristics established by the communication channel between robot and operator.
To increase manipulation capabilities by additional slave robots [1] , [2] or for training applications in a MentorÀNovice training setup [3] , [4] , research shifted on to multilateral control in the recent past. More general, multilateral control allows controlling n robots through m different haptic interfaces, where usually but not necessarily, m ! n [5] , [6] , [7] .
Based on this method, in [8] , the concept of haptic augmentation has been introduced in a Dual-Master-SingleSlave setup. Analogous to visually augmented telepresence, using haptic augmentation, additional information can be provided through the teleoperator's haptic channel which has the potential of enhancing the operator's feeling of immersion in the remote environment, easing the task execution e.g., through guidance or higher manipulation dexterity.
In this paper, the haptic augmentation focuses on the improvement of precision in the rotatory degrees of freedom (DoF). Since the assembly of large structures with bulky objects requires a high level of dexterity, because translational and rotational movements need to be properly combined, a pipe handling scenario is presented. Especially, the manipulation of large objects requires aids since the point of interaction with the environment may be distant from the grasping position on the object. For instance, placing a long pipe in a hole requires high precision in rotatory motions at one pipe end while maintaining the position (close to the hole) of the other end of the pipe. Rotating one end of a long object may cause unwanted translations at the other end. Comparable to a baseball racket, the orientation of large devices can be more easily set via two points of interaction. Similarly, the manipulation can be haptically augmented by providing the operator with control and force feedback information on a second interaction point through a second input device. In [8] , this concept has been realized with only one slave robot and two master devices as depicted in Fig. 1 and Fig. 2 . Via a multilateral coupling, the master M1 controls the robot hand S directly while the master M2 controls a virtual grasping point VG as the point of interaction with the environment. In this framework, a Cartesian task allocation can be implemented that assigns the dominance of one master device in a desired point of interaction. Besides the manipulation of large objects, e.g., the manipulation of medical probes as ultrasonic devices that need to be applied with especially high accuracy is demanding with one hand or telemanipulator respectively. A second hand helps to set the orientation, to maintain a contact force and to compensate disturbances that can result e.g., from the patient's body or connected cables. Other tasks requiring high rotational accuracy without environment interaction are the measurement of temperature and distance, welding etc.. Note that this concept is reasonable for teleoperation and haptic interaction in virtual realities as well since it can be implemented in the control algorithms of the master devices.
In literature, different approaches have been presented to provide additional assistance to the operator and that are comparable with the haptic augmentation concept. The authors of [9] proposed a haptic intention augmentation concept for cooperative telemanipulation that has been tested in a space setup. In [10] , the end-effector of a kinematically redundant slave manipulator is controlled by one of the masters whereas the null space motion is controlled by another, without influencing the end-effector pose of the slave. An adaptive control is applied in [11] to introduce projective force mappings which impose specific boundaries on the slave robot's motion. In [12] , two master devices with different degrees of freedom control a slave device with three DoFs wherein the haptic feedback could be displayed only on the available DoFs of the master devices. The concept of disjoint axis control was introduced in [13] to distribute the control of the two subsets of the available DoFs of a redundant slave robot (mobile platform with a serial manipulator). Similar setups have been proposed in [14] and [15] . In the bimanual telerobotic surgery setup of [16] , the reaction force of an action induced by one hand was haptically augmented to the other hand to avoid instability issues. These works provide control interfaces that are more powerful than simple bilateral controllers. Still, the concept of haptic augmentation involving the virtual grasping point method as well as the Cartesian task allocation considered here was so far only presented in [8] .
This paper is premised on the work in [8] which introduced the basic concept and a rough evaluation through experiments. First of all, the coupling implementation in separate DoFs in [8] is replaced by a multi-DoF implementation using spatial springs. In addition, novel haptic augmentation principles are introduced that promise to increase the coupling rigidity and prevent constrained robot configurations. Also, concepts are proposed that serve the online adaption of the grasping point position and increase intuitiveness so that the command of rotations via counteracting forces is enabled. A more prevalent time delay control approach than in [8] is applied and besides more detailed experiments, the haptic augmentation is evaluated with a user study. For increased experimental control and in order to underline the applicability of haptic augmentation in virtual realities (VR), the user study is performed in a VR environment. To emphasize the generality of the proposed virtual grasping point approach, besides this Dual-Master-Single-Slave setup, an application of the concept to cooperatively grasping slaves with kinematic coupling is briefly presented in the appendix of this manuscript.
The main contributions of this paper are:
The multi-DoF implementation considering spatial springs An interface for online variation of the virtual grasping point's position with respect to the slave robot A controller extension that allows the command of rotations through counteracting forces The enhancement of the task allocation in the Cartesian space to achieve a more rigid coupling and for prevention of constrained robot configurations Implementation of the Time Domain Passivity Approach [17] in a multi-DoF setup with positionposition architecture An objective evaluation based on a user study The application of the virtual grasping point concept to cooperatively grasping slave robots. The paper is structured as follows: In Section 2, the fundamental technologies are presented. The multi-DoF implementation of the virtual grasping point method is presented and its stability is evaluated in Section 3. The task allocation and the related contributions are explained in Section 4. Furthermore, its passive behavior will be discussed. The passivity control of the delayed communication channel is presented in Section 5. Experiments and a user study will be presented in Section 6 and Section 7 respectively. Section 8 summarizes the results to a conclusion. 
FUNDAMENTALS
In this chapter, the basic control principles relevant for haptic augmentation will be explained. First, the bilateral control scheme for teleoperation and the applied stability principle are introduced. Later, this setup is extended to the multilateral case.
Bilateral Track Design
In a general bilateral teleoperation system, a human operator (HO) can command the motion of a robot (slave) in its environment through his/her input device (master). A common method to achieve this is to couple the slave robot electronically to the motion of the master device through a PI controller. The proportional P-part of the controller acts on the velocity error of both devices similar to a damping element and the integrative I-part, on the position error of both devices like a spring. Fig. 3 shows the signal flow diagram of a Position-Position (PP, [18] ) scheme, which includes time delays in both directions, T 1 and T 2 . In this configuration, position or velocity signals (delayed velocity v del 3=9 ) are exchanged and the feedback forces F 3=9 result from a pair of PI-controllers.
Stability Concept
To guarantee the stability of a bilateral system without time delay, e.g., the frequency-based Routh-Hurwitz (stability of LTI systems), Raisbeck (passivity) or Llewellyn (absolute stability) criteria can be used. In order to handle the destabilizing effect of time delay, methodologies like wave variable transformations, time domain passivity approach (TDPA) or the two-layer approach [19] can be applied. Those approaches rely on the passivity of a system with states x:
As long as the energy increase in the system since t ¼ 0, V ðxðtÞÞ À V ðxð0ÞÞ is not higher than the integral of the power (supply rate s, input u and output y) that has entered the system, the system hasn't generated energy itself. In other words, the system is passive and thus L 2 -stability can be guaranteed [20] , [21] .
Network Representation
The energy behavior of a system can be systematically analyzed by the so-called network representation. To derive the network representation of the signal-flow-diagram of Fig. 3 , its subsystems need to be transduced into their electrical analogues (Fig. 4) . The Methodology for Passivity-based Multilateral Teleoperation (MPMT, [7] ) provides two main modules for bilateral teleoperation networks: agents and tracks. An agent can be a human operator with its master device or the slave in its environment. The track represents the software part of the teleoperator containing controllers and the time delay power network (TDPN) that has been introduced in [22] , [23] . The TDPNs guarantee the power consistency of transmitted signals in the communication channel. The electrical analogues of the proportional and the integrative parts of the PI-controllers are resistance and capacitance respectively. The set of PI controllers of track Gi will be hereafter referred to as PI Gi . The mechanical models of human operator and the environment consist of mass, spring and damper which are analogous to inductance, capacitance and resistance respectively in the electrical domain. The master and slave devices are modeled as mass-damper or inductance-resistance systems. The teleoperation system is split up into two directions of energy flow: R2L: the communication from right to left, which is represented by the upper part of the track in Fig. 4 including TDPN 1 and PI 1 . The velocity source v 9 represents the power input from the Agent L2 side. L2R: the communication from left to right, which is represented by the lower part of the track in Fig. 4 including TDPN 2 and PI 2 . The velocity source v 3 represents the power input from the Agent L1 side. In [24] , it was shown that networks consisting of passive subsystems are also passive and therefore L 2 -stable. The agents can be assumed to be passive as they behave passively in their interaction. A human operator dissipates the energy that has been introduced by the environment and vice-versa. Therefore, the L 2 -stability of a bilateral system can be guaranteed if the track subsystem is designed in a passive manner.
Energy Observation
In the network representation, the energy behavior of a 2-port (see Fig. 5 ) can easily be analyzed. E P 1=P 2 are the energies on port P 1 or port P 2 of a 2-port. To guarantee passivity the following has to hold:
The power P P 1=P 2 can be computed based on conjugate power pairs (force and velocity) at each port:
For instance, in the case of a delay in the 2-port, the energies on left and right side cannot be calculated at the same time. Therefore, the power has to be split up considering the flow directions (P in=out P 1=P 2 ) via the sign of P P 1=P 2 :
if P P 1 ðtÞ < 0 P P 1 ðtÞ; if P P 1 ðtÞ > 0 and (4) P out P 1 ðtÞ ¼ 0; if P P 1 ðtÞ > 0 ÀP P 1 ðtÞ; if P P 1 ðtÞ < 0:
The subindices in and out indicate the power (or energy) flowing into and out of the network on the left or the right side respectively. The in/out flowing energies E in=out P 1=P 2 on the left/right side of the 2-port can be computed through integration over time:
Multilateral Structure
The aim of a multilateral teleoperation system is the haptic coupling of multiple devices with the aid of control software. The design of a multilateral system becomes very generic with the MPMT since different types of modules can be assembled. Therefore, the system can be easily adapted for new tasks and setups. Fig. 6 depicts a trilateral system consisting of two types of agents, three tracks and three power control units (PCU). Those PCU subsystems are MPMT modules that manage the power distribution between one agent and the connected tracks. Since the PCU [7] and Agents are passive, additionally, only the tracks need to be designed in a passive manner to guarantee the overall passivity of the multilateral system.
VIRTUAL GRASPING POINT
As mentioned before, a pipe handling scenario is presented that represents several aspects of the large field of applications for haptic augmentation concepts. A system with a bimanual input device and a slave robot arm grasping a large pipe (compare Figs. 1 and 2 ) is considered. Fig. 7 set e.g., automatically through stereo vision. For the sake of simplicity the VG was not matched automatically for the experiments later presented. Though the virtual grasping point can be chosen arbitrarily in the slave's environment, the pipe end is the optimal location for the focused task. Through an additional input device as a pair of buttons, the scalar a, the distance of the virtual grasping point VG from the grasping point G, can be varied online. This is reasonable in certain tasks like manipulation of an ultrasonic device with virtual grasping points, since the rotational accuracy increases with the distance but also larger motions of the master M2 are necessary. Therefore, the distance should be adaptable. of the grasping point G with respect to master M1 is referred to the initial real grasping point position W H G . W HṼ G is the VG position with respect to master M1. The spatial spring A couples master M1 and slave S in the grasping point and spatial springs B and C couple master M2 and slave S and master M1 and master M2 respectively in the virtual grasping point VG. The nomenclature is summarized in Table 1 .
Implementation
Here, the multi-DoF implementation of the virtual grasping point method is presented. The orientation of the slave W R S has to be projected onto their connecting axis through the rotation matrix R Pr into the grasping frame W R G : with
The pose W H VG of the virtual grasping point VG can be calculated with the distance d þ a as follows 
The current pose of the left master projected to the grasping
For the controller connecting the two master devices, the pose of the virtual grasping point with respect to the left master W HṼ G has to be calculated as:
with
The input frames W H 1 and W H 2 of the three spatial coupling springs A, B, C of Fig. 7 are listed in Table 2 .
As the spring's wrench output W A=B=C is in the frame of W H 1 , the wrench has to be transformed into base frame in order to calculate the wrench commanded to the hardware:
Note that transformation matrices n T m contain only rotatory elements:
The matrixT calculates the torques resulting from the forces acting on the lever arm at a distance (d þ a)
In the setup of [8] , the rotation of the virtual pipe between the master devices (see W H des G and W H des VG in Fig. 7 ) has to be demanded by rotations of the master devices. In reality, the pipe can be rotated with counteracting forces at the two pipe ends. The consideration of the lever arm ðd þ aÞ inT allows the command of rotations with counteracting forces.
Passivity Proof
As discussed above, the passivity of the track is crucial for the chosen stability approach. Therefore, the energy behavior of the virtual grasping point method is discussed here. The MPMT modules of the virtual grasping point are introduced as projection subsystems PR. Note that for the ease of comprehension the PR blocks are presented separately from the track in Fig. 8 although they could be integrated into the track. Fig. 8 shows in which tracks the intrinsically passive spatial springs A-C are implemented. The PR blocks are T ¼ 
added in track G1 and G3 such that the PI controllers of those tracks are implemented in the virtual grasping point. The pipe can be regarded as a fixed coupling of two frames that have a distance of dH (e.g., between frame
The virtual coupling has been designed such that the two frames Q and K have the same orientation and lie on the same x-axis (compare Equations (12), (13)). Since a rotation of a translationally steady frame K results in a translation and rotation of frame Q, the power consistency of the force transformation is not obvious. Still, transforming the force and torque with matrixT , the passivity of the transformation is guaranteed: Considering a planar motion in the xy-plane, the power P Q=K in frame Q and K consists of two translational powers P Q=K F x and P Q=K Fy as well as a rotational power P Q=K M . Thus, the power in frame Q results in
The consideration of the lever arm ðd þ aÞ inT (M
y ðd þ aÞ) assures the power consistency of the virtual grasping point projection
Analogously, the passivity of the 6-DoF kinematic transformation of subsystem PR can be proven.
Therefore, the distance a does not influence the passivity of the projection subsystem. If the springs B and C in the virtual grasping points are deflected rotationally and the distance a is increased, a potential energy is added in the spring translation. This energy input is controlled by the operator who chooses the distance a and can therefore be considered as a part of the supply rate such that the passivity condition Equation (1) is not violated. Note that if the distance is varied during standstill of the devices (relaxed springs) the energy injection is negligible.
TASK ALLOCATION
This section introduces the Cartesian task allocation (TA) as another virtual feature providing haptic augmentation.
Consider the manipulation of a large object (e.g., a long pipe) by a human, without a telerobotic system: The right hand of the human grasping one end of the large object will be affected by the motion of the left hand grasping the pipe at another point. In case of difficult trajectories, or if high forces are necessary for the manipulation, or if not one but two humans perform the task cooperatively, it may happen that the motion of one hand influences the motion of the other hand in an undesired manner since the human may not compensate for all disturbances. This manipulation could be eased e.g., through guide rails or similar fixtures. These structures which support the human in performing the manipulation can be regarded as a non-virtual task allocation. In the case of teleoperators, the concept of task allocation allows a much broader spectrum of supporting aids to the telemanipulation. These support aids are virtual features which can augment visual and haptic perceptions.
The TA concept of [8] is improved here considering the coupling rigidity of slave and master M1. Furthermore, an extension that avoids constrained robot workspace configurations is proposed.
Here, the TA aims at the following distribution: The task of the right hand (master M2) is to locate the pipe end and to keep the position until the pipe is correctly oriented. The task of the left hand (master M1) is the reorientation of the pipe. A task allocation is designed here which decouples the translational motion of the pipe end from the left hand input such that the right hand feels no forces (but torques) caused by the left hand motion. Thus, the control of the pipe end is decoupled from unintentional commands of the left hand and other disturbances.
Implementation
Similar to the method proposed in [7] , the task allocation can be implemented by parameters a M1=M2 that scale the stiffness and the damping of the PI-controller or its force and torque feedback:
The scaling T a acts on the forces (translation T) sent from the left or right master M1=M2. R a acts on the torques (rotations R). Fig. 9 presents a general PP-architecture with task allocation scaling. Note that the human may be positioned distantly from the slave. In a bimanual setup with one operator, the delay between the master devices is zero and
In the master-slave coupling tracks, the master side scaling T =R a L ¼ 1 and
To obtain a DoF-specific Cartesian task allocation it is crucial that these PI controllers operate in the VG as the task allocation is designed in the VG. Therefore, two PR blocks need to be added to track G2 as depicted in Fig. 10 . In [8] , the spatial springs of tracks G2 and G3 are positioned in the virtual grasping point. Therefore, the slave is coupled to two distant controllers which leads to higher flexibility in the translational DoFs and thus reduces the position accuracy. Here, in order to improve the coupling rigidity, it is proposed to split the track G2 into two directions of flow. Such that the PI of the R2L-part (which determines the force feedback to master M1) can provide a direct coupling between slave and master M1 in the grasping point G. This is possible as the slave feedback to master M1 is not affected by the TA and therefore doesn't have to be calculated in the VG. Thus, the coupling rigidity is increased such that the master M2 tracks the slave position better. The controller of the L2R-part remains in the virtual grasping point to assure the task allocation functionality. In contrast to the spring setup in Section 3 and to the task allocation design of [8] , this new task allocation concept requires four coupling springs A-D (compare Table 3 ). The spring D is located in the virtual grasping point VG and spring A remains in the grasping point.
The feedback forces of the springs change:
The matrices k RC will be used to reduce the right robot's workspace limitations in the next step but can be first assumed to be equal to the unity matrix I 6 2 R 6x6 . The multi-DoF task allocation can be implemented through the matrices k TA M1 and k
and
with the zero matrix 0 3 and the unity matrix I 3 2 R 3x3 . In the chosen scenario, the translational task allocation factors should be chosen as follows:
T a M2 2 ½0:7; 1;
(44)
If only master M1 would control the rotations, the translations in the right hand could be disturbed by unexpected rotational motions in the operator's right hand. Therefore, the rotational task allocation values remain unaltered ( R a i ¼ 0:5) for now. The feedback from slave to the masters is not scaled since the slave's motion should always be correctly perceived at the master devices.
Robot Workspace Limitations
Especially in robots with serial kinematics, the workspace is constrained by singularities and dynamic nonlinearities. These issues can negatively affect the precision and smoothness of motion when large motions are required. The presented setup might have limited workspace depending on the robots' configuration.
To reduce these effects, the orientation of the master device M2 can be decoupled from the pipe orientation such that it is able to change its orientation freely. This leads to a variety of M2 configurations such that singularities or other limitations can be avoided. Master M2 can then still be used to control the translations of the pipe end. The only drawback is that this robot can then set a desired orientation only through forces in cooperation with the second input device and not through torques. The torques of the controllers coupling the right master to the other devices can be set to zero to achieve this behavior. Therefore T k RC has to be chosen as:
Passivity Discussion
In the MPMT, the allocation factors k TA M2 and k TA M1 can be designed as dependent power sources (compare Fig. 11 ) with direction depending energy behavior [25] such that the power P P 4 and P P 8 are reduced by the task allocation factors (0 T =R a M1=M2 1) in R2L and L2R direction respectively: P P 3 ðtÞ ¼ T =R a M2 P P 4 ðtÞ ¼ v 4 ðtÞ T =R a M2 F 4 ðtÞ;
P P 9 ðtÞ ¼ T =R a M1 P P 8 ðtÞ ¼ v 8 ðtÞ T =R a M1 F 8 ðtÞ:
For example, the power source k TA M2 in the R2L part of the track has an effect only in R2L direction. In this direction, it has a dissipating characteristic. In contrast, the same power source k TA M2 has an energy generating behavior in L2R direction but the injected energy is dissipated by the dependent flow source v 9 and thus, is not transmitted to the right part of the track. This holds analogously for the power source k TA M1 .
TIME DELAY
If the communication channel has a time delay, energy is produced by the TDPN subsystem representing the communication link which may lead to instability. Concerning literature on multilateral systems, the issue of time delay is addressed in [7] and [26] applying the TDPA, whereas, wave variable transformation method has been followed in [6] and [27] . A closer analysis of the effects of time delay in different types of cooperative control methods in MMMS systems is carried out in [28] . A trilateral system with bounded time delay is introduced in [29] where the system stability is studied through an appropriate Lyapunov like function. Here, it is presented, how the TDPA [17] , [23] , [30] can be integrated into the multilateral multi-DoF structure in combination with the haptic augmentation concepts. The TDPA provides passivity observers (PO) and passivity controllers (PC). The positions of the PCs in the track containing PR and TA subsystems are depicted in Fig. 12 . The POs measure the energies flowing in the respective directions at the ports of the TDPN subsystems. Thus, the energy generation of the system can be analyzed. If the observed TDPN has generated energy, the corresponding passivity controller preserves L 2 -stability through the dissipation of the excessive energy. The POs are located at ports 6a and 7a (R2L) and ports 5b and 6b (L2R) respectively such that the energy generated in the TDPNs can be measured. Two PCs added next to TDPN 1 and TDPN 2 dissipate this energy in the corresponding direction of energy flow. In the PP architecture, admittance type PCs are used that alter the velocity fed to the PI controllers.
In case of time delay, the passivity condition Equation (2) has to be reformulated:
and split up into
Thus it is sufficient if e.g, PC R2L dissipates the observed time delayed energy difference E obs :
The velocity v R2L PC which is generated by the admittance type PC R2L and sent to the left side PI 1 in a sum with v 6a is then calculated as follows: The admittance type PC based TDPA can be integrated into the multi-DoF structure as follows: The pose vector r with three positions and three angles respectively can be calculated from the components p, R of the homogeneous transformation matrix H:
with the angle-axis representation vQ that can be calculated from the rotation matrix R:
The elements of the pose vector r can be passivity controlled separately, resulting in a new pose vector r PC . The matrix H PC fed to the spatial spring can be found from the passivity control output via Rodrigues' rotation formula:
where ½v PC x is the skew symmetric cross product matrix of the axis vector v PC . The effects of the TDPA and the delay itself on transparency is discussed in the experiments in Section 6. In [31] , it was shown that the TDPA provides good performance compared to other frequently used methods. Due to the modular structure of the MPMT, the wave variables method can also be applied. 
EXPERIMENTS
In this chapter, the proposed multilateral system will be analyzed experimentally with focus on the virtual grasping point and the task allocation. The DLR HUG which consists of two redundant 7 DoF light weight robots served as the bimanual haptic input device (see Fig. 2 ). The left arm of the humanoid robot DLR SpaceJustin (see Fig. 1 ) has been used as the single slave device. The DLR Hit hand (Wessling Robotics) was used as the tool to grasp the pipe. The CyberGlove (CyberGlove Systems) served as the hand interface. The grasped pipe was a light plastic pipe made of polypropylene. The human operator could see the environment of DLR SpaceJustin through the robot's stereo cameras via a head-mounted display.
All robots have been linked using the position-position teleoperation scheme and no force sensors have been applied in the control loop although endeffector FTS have been used on all devices for measuring interaction forces. The controller constants have been chosen as depicted in Table 4 (rotational and translational damping B i and stiffness K i ). No local damping has been applied. To tune each coupling controller, only the respective track was activated. The controller spring (I-gain of the controller) was tuned to achieve a stiff coupling. The passivity analysis of Sections 3 and 4 assuming a continuous time system does not limit the controller stiffness but only requires a positive semi-definite damping. The damping (P-gain of the controller) was set to counterbalance the destabilizing effects of discretization. This damping is necessary, independent of the stability approach (passivity, Routh-Hurwitz etc.) being used. Therefore, the passive track design does not lead to high conservatism and promises good performance w.r.t. transparency measures as position error and transmitted impedances between the coupled devices. In contrast, the time delay control approach affects the control gains through an adaptive damping. Therefore, the transparency is mainly reduced in case of a delay in the communication channels. Still, the TDPA promises good performance in delayed coupled systems compared to other time delay control methods [31] .
The first experiment Exp1 focuses the application in virtual environments. Therefore, the bilateral link with virtual pipe coupling between master M1 and master M2 (Track G1) is analyzed. A rotation around the pipe end at master M2 is performed. The performance with (Exp1b) and without task allocation (Exp1a) is compared. Fig. 13 Fig. 14) . The force values F meas measured by the force sensor differ, as the operator hands have to counteract e.g., against the link masses. The task allocation is activated for Fig. 15 . The task allocation values have been chosen as noted in Table 5 (bilateral case). It is obvious that master M2 can maintain its translational position more easily if the task allocation is active. Fig. 16 shows that all the forces F comp sent to master M2 are canceled if task allocation is active. The measured forces F meas at master M2 side are constant during the rotational procedure as the right operator hand does not need to resist against the left hand's demand ( T a M1 ¼ 0). Comparing Figs. 14 and 16, one can see that in order to rotate the pipe, the right hand at master M2 has to act with a force F meas z against the rotation only if the task allocation is not active.
The next set of experiments Exp2 compares the steadiness of the pipe end during rotation around the pipe end. In the first part Exp2a (see Fig. 17 ), a bilateral system with direct coupling between master M1 and slave (Track G2) is evaluated. As the rotational position following of master M1 and slave is not optimal, the resulting translational position error in the pipe end is high. The average position of the pipe end is depicted with a star shape.
In the next step (Exp2b), the track G3 is activated such that a real multilateral coupling as depicted in Fig. 8 can be evaluated in Fig. 18 . The task allocation is not active. As the additional coupling via track G3 makes the system stiffer, especially the slave's position following is improved compared to Fig. 17 . Comparing the rotational accuracy in experiments Exp2a to Exp2b, the mean value meanVG 0 of distance from pipe end position VG ( W H VG ) to the initial pose of pipe end position S ( W H VG ðt 0 Þ) is lower for Exp2b with virtual grasping point (meanVG 0 ðExp2aÞ ¼ 0:0201, meanVG 0 ðExp2bÞ ¼ 0:0099). This shows that the PE steadiness can be improved using bimanual control.
For experiment Exp2c, the task allocation is activated and the track G2 is split in to parts corresponding to Fig. 10 . Thus, the position of the pipe end is more steady in Fig. 19 . The task allocation values have been chosen as in Table 5 (multilateral case) which, when subjectively evaluated, resulted in the best performance. Because of cross couplings caused by the available robot workspace, the task allocation was chosen such that master M1 gained 30 percent authority ( T a M1 ¼ 0:30) on the pipe end's translational motion. Comparing Figs. 18 and 19 one can see that the steadiness of the pipe end during reorientation is slightly more precise if task allocation is active. Another benefit of the task allocation is that the workload of the operator may be reduced, as he needs to apply less forces for the desired motions. Comparing the rotational accuracy in experiments Exp2b and Exp2c, the mean value meanVG of distance between Master M 2 ( W H des VG ) and VG ( W H VG ) is clearly lowest for Exp2c with task allocation (meanVGðExp2bÞ ¼ 0:00533, meanVGðExp2cÞ ¼ 0:00162). Still, only in a user study, the performance can be evaluated reliably.
The next set of experiments (Exp3) presents a procedure with rotation in the xy-plane around the virtual grasping point with subsequent plug-in of the pipe into a hole. This experiment with contact forces has been performed in a bilateral setup (direct Master 1-Slave coupling, Figs. 20 and 21) as well as in a multilateral setup with task allocation (Tracks G1, G2 and G3, Figs. 22 and 23) . The respective pipe motion plots show that the plug-in is difficult in the bilateral case (see Fig. 21 ). In contrast, only one plug-in attempt is necessary with the multilateral setup (see Fig. 23 ). The computed forces resulting from one spatial spring in the unimanual setup (depicted in Fig. 20) clearly present three contacts with the wall (compare F y ). Due to the three coupling springs in the bimanual setup, the force feedback consists not only from the spring deflections resulting from the slave's contact but also from the coupling via the virtual grasping points. Still, the contact forces in y-direction can be recognized in both master devices. A time delay is considered in the last experiment (Exp4, see Figs. 24 and 25) . The system had been tuned at the verge of stability at 10 ms roundtrip delay. The slave is assumed to be located distant from the master devices such that the tracks G2 and G3 contain a roundtrip delay of 40 ms. Fig. 24 depicts the plug-out motion of the pipe (Fig. 25 8.7 s-9.5 s) . Fig. 25 shows that the position tracking quality of the three devices during the plug-in and plug-out motion is satisfactory despite time delay. Besides the inevitable latency effects, the delay and the application of the TDPA do not reduce performance in terms of position error of desired and actual position drastically. 
USER STUDY
In the following study we tried to answer two hypotheses:
H1: The proposed bimanual control approach allows a higher level of accuracy while performing a rotational position matching task compared to unimanual control. H2: In case of bimanual control, the task allocation approach should lead to higher accuracy compared to an approach without task allocation. Besides the mental and physical workload in the bimanual setup, the performance in terms of accuracy is evaluated in the user study. Since the proposed concepts promise an increase in rotational accuracy and since the perception of slave contacts with the environment is not decreased (compare experiment set 3), this user study focuses on rotational positioning tasks.
Method
The user study was conducted with N = 10 participants (9 male, 1 female) in the age group between 23 and 35 years (M = 28.9; SD = 4.1). A within subject design has been chosen such that each participant had to perform the task set with each condition. For the sake of experimental control and to reduce undesired effects (e.g., workspace limitations, singularities) of the robot hardware as far as possible, the study was performed with the HUG and a virtual reality instead of a slave robot such that only track G1 was activated. This coupling of master M1 and master M2 reflects the whole functionality of the virtual grasping point concept. Furthermore, the design in the virtual reality allowed clearer instructions and thus, a more detailed evaluation of separate tasks was possible.
Technical Setup
The controller of the DLR HUG was implemented in Matlab Simulink and executed on a RTLinux system. A pedal served as a deadman switch to activate the robot power. The Instant Player [32] was applied to present the virtual reality to the user. The participants saw the virtual scene on the head mounted display (HMD) nVisorSX60.
Task
A set of ten tasks had to be performed with each condition. The virtual reality showed two pipes (see Fig. 26 ). The gray pipe was controlled by the operator. The second red transparent pipe presented the desired pose of the pipe. When the desired pose was reached, the color of the transparent pipe turned from red to green. After half a second in the desired pose, a new desired pipe pose appeared in red color. The pipe poses have been chosen such that the pipe had to be rotated around the pipe end. The study focuses on the positioning accuracy of different control setups. No contacts with the environment are considered since the main performance increase through the proposed haptic augmentation concept is expected in the accurate orientating of the object also without contact. Furthermore, in the experimental section it was shown that the performance with contact is not decreased compared to standard telemanipulation.
Experimental Design
Three conditions have been chosen for the user study: Condition 1: unimanual control without haptic augmentation Condition 2: bimanual control with virtual grasping point coupling and without task allocation Condition 3: bimanual control with virtual grasping point and with task allocation The participants started with a training procedure with a condition sequence 1, 2, 3 to understand the differences of the approaches properly. The order of conditions was randomized for the test subjects to control time effects as fatigue and training.
Another training phase was performed before the accounted task in the respective condition. The task set started from a unique initial position. The test subjects were instructed to maintain the pipe end position during the motion of the pipe to the desired position. In addition, the examiner informed that the retention of the pipe end position during the task had higher priority than the time needed for task completion.
Furthermore, the test subjects completed a demographic and an immersive tendency questionnaire [33] to identify correlations with the related performance. Additionally, after the user study a simulator sickness questionnaire [34] had to be filled.
Results
The simulator sickness questionnaire indicated that no test subject had to be excluded from the analysis. The resulting mean value and standard deviation in brackets are presented in Table 6 . The dimensions x,y and z can be analyzed in Fig. 26 .
The main assumptions for repeated measures ANOVA (rmANOVA), i.e., normality of residuals and sphericity were tested by Shapiro-Wilk's test and Mauchly's test. Only violations of these assumptions are reported in the following analyses. In the case of non-normality, the non-parametric Friedman test was chosen. In a first step, the effect of experimental conditions on average completion times t were analyzed in rmANOVA with condition as within factor. Results indicate no significant effect of condition (F (2, 18) = 1.4, n.s.). Next, the average path lengths (path PE ) were explored. Since data were not distributed normally for this variable in condition 1 (Shapiro-Wilk's W = .84; p < .05), a Friedman test was performed. The results show a highly significant effect of condition, p = .001. In subsequent Wilcoxon tests, we found significant differences between condition 1-2 as well as 1-3 (both ps < .01), but no significant difference between condition 2-3.
Regarding the empirical distributions for RMS of velocity (RMSðV PE Þ) for the three dimensions and conditions also indicated non-normality in four different factor combinations. Thus, three independent Friedman tests with condition as within variable were computed for each dimension. For the x-dimension the Friedman test revealed a significant effect of conditions (p < .001). Contrasting the conditions in Wilcoxon tests showed significant differences between 1-2 as well as 1-3 (both ps < .01) and a non-significant difference between 2-3 (p = .058). The very same result was found for the y-dimension. Significance was also reached in a Friedman test analyzing data of the z-dimension (p = .001). Here, only the contrasts between 1-2 as well as 1-3 reached significance in Wilcoxon's test (both ps < .01).
The data for RMS of the position error (RMSðP diff PE Þ) also violated the assumption of normality. Again the above result pattern was evident for the x-and the z-dimension with significant Friedman tests (both ps < .01) and significant differences between 1-2 and 1-3 (all ps .01). Yet, no significant result was found for the y-dimension.
Finally, we performed a rmANOVA on the maximum absolute position error (MAXðjP diff PE jÞ) with dimension and condition as within factors. Testing sphericity with Mauchly's procedure indicated a violation of the assumption in the condition factor (Mauchly's W = .40; p < .05) and the Dimension * Condition interaction (Mauchly's W = .04; p < .01). Thus the Greenhouse-Geisser correction was applied in these cases. dimension and condition main effects were highly significant (F (2, 18) = 165.1, p < .001 and F (1.25,11.23) = 63.2, p < .001) as well as the interaction of both factors (F (2.28,20.48) = 35.4, p < .001). Pairwise comparisons with Bonferroni correction show that results for all three dimensions differ significantly (all ps < .01) and that conditions 1-2 and 1-3 differ significantly (both ps < .001). The Dimension * Condition Interaction is mainly due to the results for the ydimension; here no substantial differences between the conditions are evident in contrast to the x and z-dimension. Next, the mental workload ratings were analyzed. Data were not distributed normally in condition 2 (Shapiro-Wilks W = .83; p < .05) and hence Friedmans test was performed. Yet, results yielded no significant differences between the conditions. Finally, we performed a rmANOVA on the physical load ratings with condition as within factor. Results showed no significant effect (F (2, 18) = 1.96, n.s.).
Discussion
Overall, the results indicate that the test subjects showed the weakest performance with unimanual control. Thus, hypothesis H1 is clearly substantiated. This result was found for the path length path PE , the RMS of the position error of the pipe end RMSðP diff PE Þ and the maximum absolute position error MAXðjP diff PE jÞ. The time t needed for task completion showed no significant effect. I.e., the test subjects used, in average, the same time for all three conditions. This suits to the instruction to focus on the steadiness of the pipe end rather than on the time of completion.
No significant effects have been found in dimension y for the position error RMSðP diff PE Þ. This can be explained since, in contrast to x-and z-dimension, the motions in y-dimension are less affected by unintended rotations in the left pipe end (grasping point).
The test subjects achieved similar results for both bimanual approaches. Based on statistical analyzes we did not find evidence supporting hypothesis H2. This might be due Mental and physical workload ratings indicate that despite the short training time, the test subjects got used to the novel interaction concept quickly with a moderate level of workload. The increased task performance in the bimanual approaches was not achieved at the cost of mental workload. Effect sizes (Cohen's d) showed large effects sizes for the mental (d ¼ 1:04) and physical workload (d ¼ :80) when comparing condition 1-3. Furthermore, a small effect size was evident for mental (d ¼ 0:37) and a moderate effect size for physical workload (d ¼ 0:56) when comparing condition 2-3. Obviously, the task allocation reduces users' subjective mental and physical workload.
CONCLUSION
In this paper, a multi-DoF implementation of the haptic augmentation concepts of virtual grasping point and task allocation has been introduced. These concepts have been designed as new modules of the MPMT. The virtual grasping point method was successfully extended for online adaptation of the virtual grasping point distance and improved concerning the pipe's control using opposing forces. The task allocation approach has been enhanced for higher coupling rigidity. Furthermore, a method for the reduction of negative effects due to the robot workspace constraints has been presented.
The experiments showed that the manipulation of a long object by one slave robot arm could be eased significantly by the haptic augmentation approaches. Regarding the mean deviation of desired and real pipe end positions in the experiments, the Cartesian task allocation improved the accuracy during the reorientation of the long object additionally, though the user study showed no significant improvements. The position following of the three devices, the virtual and real grasping points was satisfactory even for roundtrip delays of 40 ms.
The user study revealed that the test subjects achieved significantly better task performance with bimanual compared to unimanual control. In addition, descriptive tests of the bimanual approaches showed different effect sizes in favor of the task allocation.
In future, further user studies should be performed in real world considering contacts with an environment. In the teleoperation setup, a position-force measured architecture applying force sensor information should be integrated in the master-slave coupling.
APPENDIX A COOPERATIVELY GRASPING SLAVE ROBOTS
The focus of this paper lies on the increase of rotational precision in a Dual-Master-Single-Slave through the virtual grasping point concept. To underline the generality and adaptability of this concept and the MPMT, a SingleMaster-Dual-Slave system [36] based on the same modules is introduced here.
Often, two slave robots are applied to grasp and manipulate one object cooperatively since the load capacity, rigidity and dexterity of the system can be increased [37] . Also, in a Dual-Master-Dual-Slave setup with two separate bilateral sets of masters and slaves, the robustness to single point failure is improved and the level of safety is increased due to the distribution of kinetic energy on two robotic systems [1] . Still, the grasp quality is disturbed if the operator does not synchronously move two master devices controlling one slave robot each [38] . In contrast, if one master device controls a point on the cooperatively grasped object (compare Fig. 27 ), a higher robustness in the cooperative grasp can be achieved since the slave robots have a fixed kinematic coupling. As depicted in Fig. 27 , the master M can control the virtual grasping point VG on the link between right slave S R and left slave S L . The virtual grasping point VG can be located at a distance d 1 from the center of the connecting axis D. The desired distance between the slaves is constant such that the grasping positions on the manipulated object are more robust than in a Dual-Master-DualSlave system in which one master controls slave S L and another, S R . The presented concept is similar to [39] . Here, the passivity criterion assures L 2 -stability whereas in [39] , no stability proof has been accomplished.
A.1 Implementation
The virtual grasping point position VG between the left slave S L and the right slave S R can be calculated as follows:
with the distance from the center d 1 (see Fig. 27 ). 
Two spatial springs are sufficient in the proposed multilateral system. Spring A couples master M with slave S L and the second spring B couples the master M with slave S R . The respective reference frames of the two coupling springs are listed in Table 7 . As the wrench output is in the frame of W H 1 , the wrench has to be transformed into base frame in order to calculate the wrench commanded to the hardware 
A.2 Passivity
As depicted in Fig. 28 , the network representation of the multilateral system for cooperative slaves is based on the formerly introduced passive modules. Analogous to the input a in Section 3, the input s does not violate the passivity condition. Two additional PI controllers or tracks respectively can be added to stiffen the control loop as depicted in Fig. 29 . Then, the master is coupled to each device by one spring in the master position and a second spring in the position of the respective slave. Through the passive design of the track modules, the passivity criterion is fulfilled.
A.3 Experiments
The following experiment was performed with an Omega.7 [40] master input device and the DLR HUG. The coupling Fig. 28 . Single-master-multi-slave system for cooperative slave grasping.
T ¼ 
was implemented with four spatial springs according to Fig. 29 . In Exp. 30, a rotation around the x-axis and a translational motion on the x-axis were commanded by the master device. Plot Exp. 30a depicts the position tracking of the right slave robot W H S R and the desired slave robot pose . a, b and g describe the rotations around x, y and z axis respectively. The commanded rotation around the x-axis is well tracked by the slave device. The translational position accuracy is lower which might result from workspace related disturbances. Fig. 30b presents the 3D motion of the multilateral system. The kinematic coupling via four spatial springs provides the desired performance. Fig. 29 . Single-master-multi-slave system for cooperative slave grasping with additional spatial springs. Fig. 30 . Kinematically coupled slave robots in a multilateral setup (Devices M, S R , S L and tracks G1 L2R, G1 R2L, G2 L2R, G2 R2L).
